Traditional raft frame is single in the form of materials and structures. To give full play to its vibration isolation performance, a truss-type CFRP (carbon fiber-reinforced plastics) raft frame was designed and prepared. Based on the composite material mechanics and damping strain energy model, a method combining the finite element simulation and experiment was used to calculate the damping of the designed CFRP truss structure. e modal harmonic response analysis of CFRP truss structure was carried out by virtue of the ABAQUS finite element software to explore the influence of structure parameters on the vibration transmission characteristics of CFRP truss structure and provide reference for the design of a truss-type CFRP raft frame. e truss-type CFRP floating raft vibration isolation platform was established. Given different excitation sources, the truss-type CFRP raft frame designed in this paper was demonstrated to have good vibration isolation effect in most frequency bands by analyzing the acceleration-vibration level differences.
Introduction
e floating raft structure has outstanding shock resistance and vibration isolation performance, and it has been widely applied on warships to improve the stealth property. e truss-type floating raft has superior vibration isolation effect because of its unique periodic structure and complex internal energy transmission mechanism [1] . Scholars have carried out a lot of researches to improve the vibration isolation performance of the floating raft frame to study the vibration isolation performance of the raft frame structure by changing the geometric size and number of the subelements of raft frame structure [2] [3] [4] [5] [6] , to design the new form of the raft frame structure to reduce vibration [7] [8] [9] , and to study the damping of the raft frame structure hoping to obtain good vibration isolation performance [10] [11] [12] [13] [14] [15] . Compared with traditional metal materials, carbon fiberreinforced composites have such advantages as large specific strength, high specific modulus, high damping, and strong designability [13, [16] [17] [18] . Currently, the structure forms of CFRP applied to vibration isolation are mostly of the trusstype structure, including satellite, spaceship, and other aerospace structures [9, [19] [20] [21] .
With the analysis of research status at home and abroad, it is easy to find that the introduction of truss-type raft frame has ushered in a new development direction to the vibration isolation technology of floating raft. However, few studies are concerned with the influence rules of the structure and stacking parameters of composite truss-type raft frame on its vibration isolation performance.
erefore, a truss-type CFRP raft frame structure was designed in the paper based on the influence of the damping characteristics and structure parameters of the truss structure on the vibration isolation effect in combination with the excellent mechanical, damping properties, and band gap properties of the periodic structure of carbon fiber composite.
e damping ratio of CFRP truss structure was calculated using theoretical models, the influence of CFRP truss structure parameters on the vibration isolation performance of raft frame was analyzed with the finite element simulation method, and the vibration isolation test platform of truss-type raft frame was established. With the electromagnetic actuator and vibration motor as excitations, respectively, the experimental study on the vibration transmission performance was carried out to evaluate the vibration isolation effect of the designed truss-type CFRP raft frame by virtue of acceleration-vibration level difference.
Simulation

Numerical Calculation Model of the Damping of Truss-
Type CFRP Raft Frame. Under external excitations, the forced vibration equation of the structure is
In this paper, a finite element method is used to analyze the dynamic response of composite structure, and the specific damping capacity (SDC) is used to represent the damping of composite structure. SDC is defined as the ratio of dissipated energy of the structure ΔU to the maximal strain energy U stored in the structure within one period with the relation between them expressed as
e basic method of the strain energy model based on finite element is to conduct modal analysis of the structure using ABAQUS software, extract the stress strain component, and calculate the strain energy of each element. Besides, the damping loss factor of carbon fiber composite has anisotropic characteristic, so in solving the element strain energy, it must be decomposed into the strain energy component corresponding to the stress component in six directions as formula (3); the total strain energy and dissipated energy of the system is the cumulative sum of the strain energy and dissipated energy of all structure elements, and the relation between them is expressed as formula (4) .
where N is the number of layers for element k and U k p,q is the strain energy component corresponding to each stress component at the layer p for element k.
where 1, 2, and 3 represent fiber direction, vertical fiber direction and thickness direction, respectively, and η ij and U k ij are the loss factor and strain energy component corresponding to the stress component σ ij for the k th element in the composite with the following calculation formula:
Simulation Calculation of the Damping of CFRP Truss.
e overall dimension of the CFRP truss structure under study is 813 mm × 813 mm × 291 mm, composed of the combination of 3 × 3 hexahedral truss frame subelements (as shown in Figure 1 ). e outer diameter of the truss circular tube is all 28 mm, the wall thickness 2 mm, and the length 231 mm; the material is T700/YPH-308, the stacking scheme is (±45) 5 , and the stacking layers is 10. Considering the experimental cost and the complexity of molding process, the split mounting truss structure of metal multiple-pass joints (wall thickness 1 mm) connected with CFRP circular tubes is used. When the CFRP periodic truss bears dynamic load, its bar elements show certain periodicity and regularity. To simplify the calculation of damping analysis of the CFRP truss structure, the subelements of CFRP truss structure are selected for analysis within the allowed margin of error.
e damping loss factor of metal materials is usually a constant value, generally 0.01%-0.06%. e material of the joints used is plain carbon steel, and the loss factor is taken 0.03%. e calculation of the damping loss factor of the composite circular tube requires the extraction of stress and strain components in the six directions of all the elements at each layer of all the circular tubes in each order modal of CFRP truss structure. Figure 2 shows the strain cloud diagram of CFRP truss circular tubes under the vibration in the first-order modal.
It is seen from Figure 2 that, in the case of vibration in the first-order modal of CFRP truss structure elements, the strain components of most elements in the thickness direction are 1-2 orders of magnitude smaller than the strain components in axial and circumferential directions, and the strain distribution in the second-and third-order modal also conforms to this rule. erefore, in calculating the damping ratio of CFRP truss, the in-plane strain energy is the only concern and the out-of-plane strain energy is ignored.
According to the numerical calculation model of composite damping in conjunction with the modal analysis results, the MATLAB program is written to calculate the damping loss factors of 12 CFRP circular tubes, and the damping ratio of each circular tube is calculated with the damping loss factors via formula (6) , where the numbers 1-4 refer to the circular tubes in the x direction, 5-8 are the circular tubes in the y direction, and 9-12 are the circular tubes in the z direction; the results are shown in Table 1 .
e modal vibration shape diagrams for the first three orders of CFRP truss subelements are extracted as shown in Figure 3 .
It is seen from Figure 3 that the modal shapes of the first three orders of CFRP truss subelements are all bending modals for different circular tubes. By combining the damping ratio of the first three orders of each rod piece in Table 1 , it is found that the first order is mainly shown as the bending modal of circular tubes in the x and y directions, and the damping ratios of the circular tubes in such directions are greater than that of circular tubes in the z direction. e second order mainly shows the bending modal of circular tubes the in x and z directions. e damping ratios of circular tubes in these directions are obviously greater than those of the tubes the in y direction. Similarly, a similar conclusion is drawn in the third-order modal, where the damping ratios of the tubes in y and z are significantly greater than those of the tubes in the x direction, and the same circular tube is in the same vibration mode, even if the vibration order is different, the damping ratio is similar. To probe into the overall damping of CFRP truss structure, the dissipated energy and strain energy of all elements of CFRP truss containing metal joints are calculated for summation, Shock and Vibrationand the damping loss factors of CFRP truss structure containing metal joints in the first three order modals are calculated according to formulas (4), (5) , and (7):
where η m is the damping loss factor of metal materials, U m is the sum of modal strain energy for eight joints, and ΔU c and U c are the sum of strain dissipated energy and modal strain energy for 12 composite circular tubes, respectively. e stress strain values of all elements for CFRP truss subelements are extracted, and the first three orders of damping ratios of the entire truss structure are obtained through MATLAB programming calculation, namely, 1.85%, 1.91%, and 1.94%. e results show that the modal order has little influence on the structure damping.
Influence of Structure Parameters on the Vibration Performance of CFRP Truss.
e design parameters of truss structure include the wall thickness of CFRP circular tubes, the number of periodic elements, and wall thickness and material of joints.
e influence of circular tube wall thickness and joint wall thickness on the vibration performance of the truss structure will be studied next to provide the basis for the design of truss-type CFRP raft frame structure.
Tube Wall ickness of CFRP Truss.
e study object in this section is the CFRP truss aforementioned. When other sizes remain unchanged, the wall thickness of the truss rod pieces takes 1 mm, 2 mm, and 3 mm, respectively, for the harmonic response analysis. e finite element model and the location of measure points are as shown in Figure 1 .
e 1N normal excitation is applied at the central node of the No. 5 joint in the upper truss, and the vibration displacement responses at the central nodes of four angles on the undersurface of the truss are calculated. For convenience of comparison and computing, the vibration displacement value is expressed in the decibel value according to the following formula:
where x i represents the displacement value of the vibration and ref represents the reference displacement value, and the displacement reference value is 10 −12 m, according to the GB 50894-2013. e results of harmonic response analysis are shown in Figure 4 . Figure 4 shows the influence of the rod piece wall thickness on the vibration transmission of CFRP truss. Firstly, the vibration amplitude in resonance decreases with the increase of the tube wall thickness, and it is more apparent in the high-frequency section. Secondly, the increase of the tube wall thickness narrows down the truss bandstop 4 Shock and Vibration frequency band, which is mainly due to the increase of bending stiffness of the rod piece and the wave effect suppression of truss structure. is indicates that the band gap effect of the truss should be taken into account in designing the CFRP truss structure parameters, and the resonance frequency bands should be avoided by adjusting the structure parameters.
Joint Wall ickness of CFRP Truss.
Trusses with the joint wall thickness of 1 mm, 2 mm, and 3 mm are selected for simulation analysis to study the influence of joint wall thickness on the vibration performance of the entire truss. e exertion of excitation and location of measure points are consistent with Figure 1 , and the vibration response of each measure point is shown in Figure 5 . Figure 5 shows the influence of joint wall thickness on the vibration response of CFRP truss. Firstly, the resonance peaks in each order of the truss are subjected to the combined action of the truss mass and stiffness. Secondly, the increase of joint wall thickness widens the bandstop frequency band of CFRP truss.
Experimental
Modal Experiment of CFRP Truss.
A free modal test of the designed CFRP truss is conducted using the hammer excitation method to verify the validity of damping computation simulation of the CFRP truss.
e test piece is suspended on the support with a good elastic rubber rope to simulate the free support mode, and the acceleration sensors are separately arranged at the central nodes of the six joints on the middle surface of the upper truss as shown in Figure 6 . In the experiment, excitation is exerted on the six measure points corresponding to the acceleration sensors on the back of the truss for three times for the purpose of analysis and solution of the frequency response functions, and the frequency response curves measured by each sensor are input into Modal Genius software for processing and fitting to obtain the modal damping ratios of the first three orders for the CFRP truss. e test and simulation results are shown in Table 2 .
By comparing the modal damping ratios of the first three orders of CFRP truss, it is found that the damping ratios obtained from the aforementioned models are consistent with those of the first three orders measured in the experiment within the allowed margin of error, which tentatively verifies the accuracy of the damping numerical calculation model of CFRP truss.
Vibration Isolation Test of Truss-Type Floating Raft
Experimental Setup.
e truss-type CFRP floating raft isolation test platform constructed in this paper is mainly composed of a vibration motor, electromagnetic actuator, motor support plate, upper and lower mounting plates, Shock and Vibrationrubber vibration isolator, CFRP truss-type raft frame, and air spring and foundation support as shown in Figure 7 .
e mounting plate is made of carbon fiber composite and fixed via mechanical connection with the CFRP truss.
e vibration motor set is rigidly fixed connected with the motor support plate through bolts, and the motor speed is adjusted with a frequency converter to obtain sinusoidal signals of different specific frequencies. e model of the electromagnetic actuator is jzk-50. e ejector rod is connected with the lower mounting plate with the nuts to generate linear swept-frequency signals. e motor support plate is elastically connected with the upper mounting plate of the raft frame through four rubber vibration isolators. e air spring model is 086060h-1, and it is pressurized by the air compressor.
e foundation support is connected to the lower mounting plate of the raft frame through four pressure adjustable air springs and is rigidly fixed onto the T-table through bolts. measurements, the seven acceleration sensors selected need to be calibrated. When the vibration transmission characteristics of the truss-type CFRP floating raft system under the excitation of swept-frequency signals are studied, the electromagnetic actuator serves at the vibration input end, and the measured data of seven acceleration sensors are input into MATLAB software; the acceleration-vibration level differences of No. 7 measure point and No. 1-6 measure points are calculated, which are the acceleration-vibration level differences of the vibration input end and each layer of truss-type CFRP floating raft vibration isolation system as shown in Figure 9 .
Experimental Study on the Vibration Isolation
In Figure 9 , the vertical coordinates are the accelerationvibration level differences of No. 7 measure point and No. 1-6 measure points, respectively. e larger the value, the better the vibration isolation effect. From Figure 9 , it is observed that the acceleration-vibration level differences of No. 1, No. 2, and No. 7 sensors are the largest, and the average value is above 20 dB. It shows that the truss-type CFRP raft frame designed in this paper can attenuate the bottom-up vibration transmission significantly. It is indicated from Figure 9 that the vibration isolation effect of the designed truss-type raft frame is not very ideal in the lowfrequency section, which also conforms to the universal laws of passive vibration isolation. Table 3 .
Vibration Isolation Test of Truss Excited by Simple
It is learned from Table 3 that, under the excitation of two specific frequencies, the truss-type CFRP raft frame shows good vibration suppression effect, and the isolation effect is superior in relatively high frequency bands, which also conforms to the experimental results under swept frequency of electromagnetic excitation.
Conclusions
A CFRP truss-type floating raft structure was designed in this paper, and a combined method of simulation and experiment was used to study its inherent properties and dynamic characteristics. e strain energy model of the CFRP truss was set up, and the damping ratio of CFRP truss structure was calculated with the explanation of damping characteristics from the perspective of energy dissipation mechanism given. e influence rule of structure parameters of CFRP truss-type raft frame on its vibration transmission characteristics was studied. A CFRP truss-type floating raft vibration isolation test platform was constructed, and the vibration isolation test of CFRP truss-type floating raft was performed using the electromagnetic actuator and vibration motor as the vibration sources with the accelerationvibration level differences of the raft frame upper surface and the foundation support as evaluation indexes. Based on the above work, the main conclusions drawn from this paper are as follows:
(1) It is known from Tables 1 and 2 that the damping of truss is related to its vibration mode but unrelated to the order, and the damping values calculated within the allowed margin of error are almost the same as the measured values, which indicates that the damping numerical calculation model of constructed is correct. (2) rough the analysis of Figures 4 and 5 , it is observed that the thicker the CFRP circular tube wall, the smaller the vibration amplitude of the truss and the narrower the bandstop frequency band. e larger the joint thickness, the wider the bandstop frequency band of the truss, which provides reference for the design of the truss structure. (3) As analyzed from Figure 9 , when the electromagnetic actuator serves as the excitation source, the designed CFRP truss-type floating raft structure has good vibration isolation effect in all frequency bands of 0-250 Hz except for the vibration amplification signs shown in the low-frequency section below 5 Hz. It is revealed from Table 3 that the designed truss-type CFRP raft frame has good damping effect at all particular vibration frequencies, which also verifies the reasonableness of the designed truss-type CFRP floating raft structure.
Data Availability
e data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
e authors declare that they have no conflicts of interest. 
